Helicobacter pylori infects the stomachs of half of all humans. It has a relatively benign relationship with most hosts but produces severe pathology, including gastric cancer, in others. Identifying the relative contributions of host, microbial, and environmental factors to the outcome of infection has been challenging. Here we describe one approach for identifying microbial genes that affect the magnitude of host responses to infection. Single colony purified H. pylori isolates were obtained from 25 cases and 71 controls in a Swedish case-control study of gastric cancer. Strains were first phenotyped based on their ability to produce adhesins that recognize two classes of human gastric epithelial receptors. Thirteen binding strains and two non-binding controls were then subjected to whole genome genotyping using H. pylori DNA microarrays. A cohort of "variable" genes was identified based on a microarray-determined call of "absent" in at least one member of the strain panel. Each strain was subsequently introduced into two types of germ-free transgenic mice, each programmed to express a different host factor postulated to pose increased risk for development of severe pathology. Expression of biomarkers of host defense was quantitated 4 weeks after inoculation, and the magnitude of the response correlated with bacterial genotype. The proportion of genes encoding HsdS homologs (specificity subunit of heterooligomeric type I restriction-modification systems) was significantly higher in the pool of 18 variable genes whose presence directly correlated with a robust host response than their proportion in the remaining 352 members of the variable gene pool. This suggests that the functions of these HsdS homologs may include control of expression of microbial determinants that affect the extent of gastric responses to this potentially virulent pathogen.
Helicobacter pylori infects the stomachs of half of all humans. It has a relatively benign relationship with most hosts but produces severe pathology, including gastric cancer, in others. Identifying the relative contributions of host, microbial, and environmental factors to the outcome of infection has been challenging. Here we describe one approach for identifying microbial genes that affect the magnitude of host responses to infection. Single colony purified H. pylori isolates were obtained from 25 cases and 71 controls in a Swedish case-control study of gastric cancer. Strains were first phenotyped based on their ability to produce adhesins that recognize two classes of human gastric epithelial receptors. Thirteen binding strains and two non-binding controls were then subjected to whole genome genotyping using H. pylori DNA microarrays. A cohort of "variable" genes was identified based on a microarray-determined call of "absent" in at least one member of the strain panel. Each strain was subsequently introduced into two types of germ-free transgenic mice, each programmed to express a different host factor postulated to pose increased risk for development of severe pathology. Expression of biomarkers of host defense was quantitated 4 weeks after inoculation, and the magnitude of the response correlated with bacterial genotype. The proportion of genes encoding HsdS homologs (specificity subunit of heterooligomeric type I restriction-modification systems) was significantly higher in the pool of 18 variable genes whose presence directly correlated with a robust host response than their proportion in the remaining 352 members of the variable gene pool. This suggests that the functions of these HsdS homologs may include control of expression of microbial determinants that affect the extent of gastric responses to this potentially virulent pathogen.
Helicobacter pylori is a microaerophilic Gram-negative bacterium that colonizes the stomachs of ϳ50% of humans. The organism is typically acquired in childhood, but the mechanism of transmission remains unclear (1) . In the absence of antibiotic treatment, H. pylori persists in the gastric ecosystem throughout adulthood. Its relationship with most hosts produces few if any symptoms. However, in a small subset of individuals, severe pathology ensues, ranging from gastric and duodenal ulcers to cancer (2) .
A central challenge has been to identify the relative contributions of host, microbial, and environmental factors to the development of severe pathology versus relatively harmless co-existence. IL-1␤ and HLA genotypes, and blood group/secretor phenotypes are among the few known host factors that correlate with the development of pathology (3) (4) (5) . Bacterial factors associated with virulence include components of its cag pathogenicity island (cag PAI (6, 7)), vacA (vacuolating cytotoxin (8) ), babA2 (adhesin that binds to human histoblood group antigen Lewis b (9)), and urease (promotes survival in the acidic environment of the stomach (10)).
Screening for additional bacterial virulence genes has been problematic for a number of reasons. Isolates from non-family members exhibit a remarkable degree of genetic diversity, manifested by variations in gene order, gene content, and gene sequence (11, 12) . The organism is difficult to manipulate genetically. The ability to colonize conventionally raised animal models varies markedly as a function of isolate and host. There are relatively few molecular biomarkers of the host response. Moreover, it has been difficult to monitor bacterial gene expression in vivo (13) .
In this report, we describe an approach for identifying microbial genes that affect the magnitude of host responses to infection. Our strategy incorporates several elements. First, bacterial strains were recovered from patients enrolled in a large, Swedish case-control study of the effects of H. pylori on the development of one severe form of host pathology, gastric cancer (14) . Second, because attachment of H. pylori to the gastric epithelium elicits a more robust host inflammatory response in some animal models (15, 16) , strains from cases and controls were phenotyped based on their ability to produce adhesins that recognize two classes of human gastric epithelial receptors: (i) Lewis b (Le b ) 1 that is produced by gastric surface mucous cells in the majority of humans, and (ii) sialylated oncofetal epitopes containing Neu␣2,3Gal␤1,4 structures that are synthesized by normal gastric epithelial lineage progenitors, by subpopulations of cells in the stomachs of individuals with chronic atrophic gastritis (CAG, a histopathologic state characterized by loss of acid-producing parietal cells and believed to be a precursor to gastric cancer), and by gastric adenocarcinomas (17) . Third, strains that bound to one or both gastric epithelial adhesin receptors were subjected to whole genome genotyping using DNA microarrays containing 98.9% of known H. pylori genes (12) . Fourth, these genotyped clinical isolates were introduced into two types of germ-free transgenic mice and the magnitude of change in expression of selected genes in their stomachs correlated with the bacterial genotype. Each type of mouse was programmed to express a human host factor postulated to pose increased risk for a more severe outcome of H. pylori infection. ␣1,3/4FT animals use the human ␣1,3/4-fucosyltransferase (FT) to express Lewis b receptors for H. pylori adhesins in their pit and surface mucous cells. With the exception of this engineered Le b expression in the pit cell lineage, the gastric epithelial cell differentiation programs and acid production appear indistinguishable in ␣1,3/4FT transgenic and normal littermate animals (15) . tox176 mice have a genetically engineered ablation of their acid-producing parietal cells mediated by an attenuated diphtheria toxin A fragment (tox176 (16)). Ablation is associated with development of features of CAG, including loss of acid production (achlorhydria), a block in terminal differentiation of neck to zymogenic cells, and increased proliferation and amplification of NeuAc␣2, 3Gal␤1,4-glycan-positive gastric epithelial lineage progenitors (16) . Using germ-free animals eliminated one confounding environmental variable, the complex, abundant, and ill-defined indigenous gastric microflora found in conventionally raised coprophagic mice. We reasoned that in the absence of an entrenched microflora, a given clinical isolate should have a greater chance of colonizing a germ-free stomach and that any subsequent host response could be assigned to the inoculated strain.
By correlating changes in expression of selected genes in these gnotobiotic transgenic mice with the results of whole genome bacterial genotyping, we have found that the presence of members of bacterial restriction-modification systems are associated with induction of a more pronounced host response to infection.
EXPERIMENTAL PROCEDURES

Case-Control Study of H. pylori Infection in Patients with Gastric
Cancer-Details of this case-control study have been reported recently (14) . Cases were patients with gastric adenocarcinoma. Controls were the next five consecutive patients who underwent primary gastroscopy, without gastric adenocarcinoma, but having the same age (in 10-year age bands) and sex as the cases. Eight biopsies were taken from noncancerous gastric mucosa in each case and control. Two biopsies from the distal stomach (antrum) plus two from the middle portion of the stomach (corpus) were homogenized together, and H. pylori was isolated using standard culture techniques. Sections, prepared from two additional antral biopsies, two corpus biopsies, and tumors, were scored by one pathologist blinded to both culture results and disease status.
In Situ Studies of Binding of H. pylori Strains-Pedigrees of FVB/N ␣1,3/4FT and tox176 mice (each hemizygous for their transgene) are described in earlier publications (15, 16) . They were re-derived as germ-free by Caesarian section and maintained in plastic gnotobiotic isolators, under a strict 12-h light cycle. Animals were given an autoclaved chow diet (NIH R and M/AUTO; Purina Mills, Inc) ad libitum. Feces and wipings from the inside surfaces of isolators were tested weekly for microbial contamination. All mouse experiments used protocols approved by the Animal Studies Committee of Washington University.
Single colony-derived H. pylori strains from 96 patients in the casecontrol study were cultured for 3 days at 37°C on brain heart infusion (BHI) agar, supplemented with 10% calf blood, vancomycin (6 g/ml), trimethoprim (5 g/ml), and amphotericin B (8 g/ml), under microaerophilic conditions (CampyPak Plus, BD PharMingen). Each strain was harvested and incubated with formalin-fixed 5-m-thick sections of stomach, prepared from 12-week-old conventionally raised and germ-free FVB/N normal, ␣1,3/4FT, and tox176 mice, using protocols described elsewhere (15) . Bound bacteria were detected using rabbit antibodies to H. pylori surface proteins (Dako; diluted 1:1000 in blocking buffer (1% bovine serum albumin, 0.05% Tween 20/PBS)), and fluorescein isothiocyanate-conjugated donkey anti-rabbit Ig (Jackson ImmunoResearch; 1:200).
Blocking controls were performed on binding strains by preincubating bacteria (10 6 CFU/100 l of blocking buffer) for 1 h (23°C) with 5 g of purified neoglycoconjugates (Le b -human serum albumin (HSA), Le a -HSA, sialyl-Le x -HSA, HSA; all from IsoSep) prior to application to sections. Sections were processed as above and stained with propidium iodide to visualize host cells. Color images (512 ϫ 512 pixels, corresponding to 270-m 2 areas of the section) were captured using a MRC-1024 confocal laser scanning system (Bio-Rad; 3 areas surveyed/section/ mouse; n ϭ 3 mice of each genotype scored per strain Ϯ pretreatment with each neoglycoconjugate). Bound bacteria in each image were quantified using Slide Book software (Intelligent Imaging Innovations).
DNA Microarray-based Whole Genome Genotyping of Selected Isolates-Genomic DNA was isolated (QIAamp DNA mini prep kit; Qiagen) from 15 selected binding and non-binding strains plus a control strain known to bind to each class of adhesin receptor and to colonize each type of transgenic mouse (Hp1, Refs. 15 and 16). Strains were genotyped using DNA microarrays containing duplicate copies of a set of 1660 PCR products from the two fully sequenced strains, TIGR 26695 and Astra J99 (91 ORFs unique to J99). Genomic DNA (2 g) from each clinical isolate was labeled with Cy5, whereas DNAs from the 26695 and J99 strains (1 g each) were labeled with Cy3. 26695/J99 DNA was co-hybridized with isolate DNA. All hybridizations were performed in duplicate so that there would be four measurements per gene (12) . Following hybridization and washing, microarrays were scanned, and the Red/Green ratio for each gene normalized according to genomewww5.stanford.edu/MicroArray/help/results_normalization.shtml. If the normalized Red/Green ratio was less than 0.5, the gene was called absent (26695 was set as the reference strain).
Colonization of Gnotobiotic-Transgenic Mice with Genotyped Strains-Each of the 15 selected genotyped clinical isolates plus the reference control strain (Hp1) was cultured for 3 days at 37°C on selective medium. Bacteria were collected, concentrated to 10 8 CFU/ml PBS (pH 7.4), brought into the gnotobiotic isolator, and inoculated (single gavage of 10 7 CFU) into the stomachs of 6-week-old ␣1,3/4FT and tox176 mice (n ϭ 4 mice/group; one bacterial strain/cage). The stomach was removed from each mouse 4 weeks after inoculation and divided in half along its cephalocaudal axis. One-half was homogenized in 0.5 ml of BHI broth and plated (with serial dilution) on selective BHI/blood medium to assay for the presence of culturable H. pylori. Total cellular RNA was isolated from the other half of the stomach and from age-matched uninfected germ-free controls (RNeasy Midi kit, Qiagen). cDNA. A melting curve was used to identify a temperature where only amplicon, and not primer dimers, accounted for SYBR Green-bound fluorescence. All assays were performed in triplicate (ABI Prism 7700 Sequence Detector, Applied Biosystems), and all data were normalized to an internal glyceraldehyde-3-phosphate dehydrogenase mRNA control (⌬⌬C T analysis (18)).
SYBR-Green-based Real Time Quantitative RT-PCR (qRT-PCR) Analysis of Host Responses to Colonization-qRT-PCR
ELISA Assays of Humoral Immune Response to Colonization-Serum was obtained from each inoculated mouse at the time of sacrifice. Protein extracts from each colonizing strain were prepared by sonication in PBS (3 cycles, 5 min each; Branson model 200 ultrasonic cleaner, Branson Ultrasonics) followed by centrifugation (14,000 ϫ g, 10 min). Aliquots of the supernatant used to coat 96-well plates (0.5 g of protein/isolate/well). Each serum sample was assayed in triplicate for circulating antibodies to proteins expressed by the inoculated strain.
IL-8 Assays-AGS cells (ATCC CRL-1739), seeded in 24-well tissue culture plates, were infected with 1 ϫ 10 8 CFU of a given strain. Following a 6-h incubation, culture supernatants were collected and IL-8 concentrations defined by ELISA (IL-8 Eli-pair; Diaclone).
RESULTS
Selection of H. pylori Strains Based on Binding Phenotypes
The starting point for our studies was a collection of H. pylori strains recovered from previously characterized individuals enrolled in a Swedish case-control study of gastric cancer (72 cases and 324 controls; Ref. 14). H. pylori was originally isolated from 155 of these patients (29 cases; 126 controls), and isolates were stored at Ϫ70°C (14) . We were able to culture 96 members of this panel 3-5 years after primary isolation. Single colony-derived strains from these 25 cases and 71 controls were then phenotyped based on their ability to bind to Fuc␣1,-2Gal␤1,3[Fuc␣1,4]GlcNAc␤ (Le b ) and/or NeuAc␣2,3Gal␤1,4 glycan receptors expressed in the stomachs of germ-free ␣1,3/4FT and tox176 transgenic mice (respectively). As noted in the Introduction, binding was used as selection criteria because previous studies (15) of a clinical isolate had indicated that this trait can be associated with a more severe host inflammatory response.
Bacterial binding to stomach sections was scored in a single blinded fashion. 13/96 clinical isolates expressed adhesins that bound to ␣1,3/4FT and/or tox176 gastric epithelium (Table I) (Table I) . Thus, in this particular panel of H. pylori isolates taken from a Swedish population, expression of adhesins that recognize these classes of glycans is a statistically significant feature of the cancer strains.
The 13 binding strains were selected for further analyses. Two strains from cancer patients that did not bind to either ␣1,3/4FT or tox176 stomachs served as non-binding controls. Another strain, Hp1, was used as a binding-and colonizationpositive control. Hp1, originally recovered from a Peruvian patient with gastritis, expresses adhesins that bind to both Le b -and NeuAc␣2,3Gal␤1,4-containing glycan receptors, readily colonizes both conventionally raised and germ-free ␣1,3/4FT and tox176 mice, produces a more robust cellular and humoral immune response in both types of conventionally raised transgenic animals than in their age-matched nontransgenic littermates, and has been subjected to whole genome genotyping (12, 15, 16) .
Colonization of Germ-free tox176 and ␣1,3/4FT Mice with Binding and Non-binding Strains
Each of the 13 binding strains plus the two non-binding controls were inoculated into 6-week-old germ-free ␣1,3/4FT and tox176 mice. When animals were sacrificed 1 month later, their stomachs were divided in half: one-half to define the number of culturable organisms; the other half to prepare RNA so that expression of selected host genes could be assayed by qRT-PCR. Age-matched uninfected germ-free mice were used as base-line host controls. Sera were collected from all germfree and infected mice at the time of their sacrifice to measure circulating antibodies to H. pylori immunodeterminants. The culture-based assay disclosed that 6 members of the 15 strain panel from the case-control study were recoverable as viable organisms from the stomachs of ex-germ-free ␣1,3/4FT mice. Five of 15 strains were cultivatable from the stomachs of tox176 animals. The total number of colonizing strains was 8 because 3 strains colonized both types of gnotobiotic transgenic mice (Table I ). Hp1 provided a ninth colonizing strain; it infected both hosts. Non-colonizing strains were defined as no CFU obtained from the stomachs of any mice in a group.
Our criteria for studying the responses of a group of mice to a particular strain were based on the following definition of 2 Based on DNA microarray assay. Strains indicated in red are those that produced a robust response in one or both gnotobiotic transgenic mouse models.
colonization: (i) at least one member of a group of four mice had to have culturable bacteria in their stomachs; (ii) all members of the group had to have antibody titers to H. pylori proteins (as measured by ELISA) that were Ն2 S.D. above the mean for age-matched germ-free ␣1,3/4FT and tox176 animals (n ϭ 12 controls). A total of 11 groups of mice (n ϭ 44 animals) inoculated with 8 different strains from the case-control study, plus the two reference control groups of ␣1,3/4FT and tox176 mice inoculated with Hp1, satisfied these criteria. The positive ELISA test indicated that all 9 strains persisted in their 52 hosts for a period long enough to elicit a statistically significant humoral immune response.
Biomarkers of Host Responses to Infection
There are few established biomarkers that can be used to follow the course of H. pylori pathogenesis in humans. In general, they are not readily applicable to mice (e.g. IL-8). Our approach for examining the effect of a particular strain on its host was influenced by two considerations. First, any surrogate biomarker of the host response should be consistently induced during the course of a 1-month infection of transgenic and normal FVB/N mice by the reference Hp1 strain. Second, the biomarker should have functions associated with host defense such as immuno-inflammatory responses and maintenance of the epithelial barrier. Ideally, the biomarker should be able to report strain-or host-specific differences in the robustness of the response to infection.
We selected three biomarkers satisfying these two criteria from the results of a recent functional genomics study of the impact of Hp1 on germ-free normal, ␣1,3/4FT, and tox176 mice. 2 Each gene, heat shock protein (Hsp) 70, the polymeric immunoglobulin receptor (pIgR), and interleukin (IL)-1␤, displayed a prominent and consistent increase in expression (defined by DNA microarray and real time quantitative RT-PCR studies) after Hp1 infection. Hsp70 is induced by a variety of stimuli, including pathologic stresses and may have dual effects; it is a chaperone, and it stimulates production of proinflammatory cytokines (IL-1␤, IL-6, and tumor necrosis factor-␣) in human monocytes through a CD14-dependent pathway (19) . pIgR mediates basal-apical transport of secretory IgA in epithelial cells and thus contributes an important element to mucosal barrier function (20) . IL-1␤ is not only a pro-inflammatory cytokine but also a potent inhibitor of gastric acid secretion (21). We followed expression of these three biomarkers as a function of bacterial strain and transgenic mouse model.
Identification of Strain-and Host-specific Responses Strain-specific Differences in the Responses of tox176 Mice to
Infection-qRT-PCR assays were used to define the levels pIgR, Hsp70, and IL-1␤ mRNAs in the stomachs of each member of a group of four tox176 mice inoculated with one of the five strains from the case-control study that fulfilled the CFU and humoral immune response criteria for colonization. mRNA levels were expressed as the fold difference compared with an age-matched, uninfected germ-free control. Fig. 1A summarizes the mean fold change (Ϯ S.E.) for each mRNA within each group of 4 animals. Three strains (Ca34 (non-binding phenotype), Ca8 (non-binding), CAG7:8 (binding)) produced 4 -20-fold increases in pIgR and Hsp70 mRNAs (as did Hp1). In contrast, Ca40 (non-binding) and Control76 (binding) produced Ͻ3-fold changes. Two of three strains in the group that produced significantly higher mean Hsp70 and pIgR responses compared with Ca40 or Control76 also had significantly higher mean IL-1␤ responses (see CAG7:8 and Ca34 in Fig. 1A ). There were no significant differences in the magnitude of the humoral immune responses to CAG7:8/Ca34/Ca8 compared with Ca40/ Control76 (p ϭ 0.80; Student's t test).
In these experiments, the variation in the elicited Hsp70 and pIgR responses within a group of animals inoculated with a given strain from the case-control study was not as great as the statistically significant (p Ͻ 0.05) differences in Hsp70 and pIgR responses between groups of mice inoculated with different strains (Fig. 1A) . Therefore, we concluded that there are statistically significant, strain-specific differences in the magnitude of the tox176 host response, as revealed by fold changes in Hsp70 and pIgR mRNA levels. In this small group of strains, the ability to induce these host responses did not correlate with the capacity of the strain to bind to NeuAc␣2,3Gal␤1,4-glycan adhesin receptors in the gastric epithelium (p Ͼ 0.05; Student's t test).
Analysis of Responses in ␣1,3/4FT Mice Reveals Host-specific Differences in the Responses to a Given Strain-Three of the five strains from the case-control study that colonized germfree tox176 mice also satisfied the culture and ELISA criteria for colonization of germ-free ␣1,3/4FT animals: CAG7:8, Ca40, and Control76 (all bind to Le b ). Three other strains from the case-control study colonized germ-free ␣1,3/4FT but not tox176 animals: Ca55 (Le b binding), Ca52 (non-binding), and Control86:2 (Le b binding) (Fig. 1) . Interestingly, the pronounced difference in the tox176 host Hsp70 and pIgR responses to CAG7:8 and Ca40 was "lost" in ␣1,3/4FT mice; in ␣1,3/4FT hosts, both strains produced Ն3-fold changes in the levels of these mRNAs (compare A and B in Table I . B, results obtained with ␣1,3/4FT mice. Fig. 1 ). This observation could not be attributed to differences in CAG7:8 or Ca40 CFU values in tox176 and Le b hosts nor was it correlated with differences in humoral immune responses to bacterial proteins. The difference between CAG7:8 and Control76 was retained in ␣1,3/4FT animals but only as measured by changes in Hsp70 expression (Fig 1B) . None of these three colonizing strains (CAG7:8, Ca40, and Control76) provoked more than 2-fold changes in IL-1␤ levels in ␣1,3/4FT hosts (Fig. 1B) .
Functional Division of Colonizing Strains into Two Groups Based on the Magnitude of the Host
Response-We used these results to divide colonizing strains from the case-control study into two groups. For the tox176 mouse model, the "robust response" group was defined as those strains able to induce a Ն3-fold increase in expression of the Hsp70 and pIgR biomarkers. Three strains (CAG7:8, Ca34, and Ca8) satisfied the robust response criteria, and two strains did not (Ca40 and Control76). For ␣1,3/4FT mice, the robust response group was defined as those strains that induced a Ն3-fold increase in Hsp70 expression. Three colonizing strains satisfied this criterion (CAG7:8, Ca55, and Ca40), and three did not (Ca52, Control86:2, and Control76). Using these criteria, Hp1 induced a robust response in both models (Fig. 1, A and B) .
DNA Microarray-based Whole Genome Genotyping of H. pylori Strains
DNA microarrays containing 1660 PCR products representing 98.9% of the ORFs in the fully sequenced 26695 and J99 H. pylori genomes were used to genotype the 13 binding and 2 non-binding strains from the case-control study. Under the assay conditions used, when a gene was called absent, it shared Յ85% sequence identity over 60% of the length of the amplified 26695 or J99 ORF present on the microarray (average PCR fragment size ϭ 817 bp). Control experiments established that the hybridization conditions produce false negative rates of 1 and 2% when microarrays were probed with 26695 DNA or J99 DNA, respectively, and false positive rates of 0 (26685) and 7% (J99) (12) . Because only 26695 and J99 genes were represented on the microarray, this type of analysis underestimated the pool of strain-specific ORFs (genes present in an isolate that are absent in the 26695 and J99 reference strains were undetectable).
The number of genes called "absent" in each of the 15 strains from the case-control study ranged from 146 to 195 (Table I) . The total number of unique genes called absent among these 15 strains, plus the previously genotyped Hp1, was 387 (referred to below as "variable" genes; see the Supplemental Table for a list). The greatest concentration of genotypic variation was in the two plasticity zones (denoted as PZ1 and PZ2 in the TREE-VIEW diagram available in Supplemental Material, see figure) . These zones have the signature of horizontally acquired DNA (high G/C content), contain ORFs encoding multiple transposases and endonucleases, and have been identified previously as sites of great variation between H. pylori strains (11, 12, 22) . Fig. 2A summarizes genotypic variations in the cag PAI of the 15 strains plus Hp1. Ten of the 11 cancer-associated strains (and 7 of the 8 colonizing strains) had Ն25 of the 27 PAI genes called "present." HP0521, specifying a protein of unknown function, showed sufficient sequence variation from the reference 26695 ORF to be called absent in 5 cancer strains. In contrast, 26/27 PAI-associated genes were called absent in the colonizing cancer-associated Ca34 strain (HP0520; specifying a protein of unknown function was sufficiently similar to 26695 to be called present).
All but one of the 7 colonizing strains from the case-control study with Ն25 PAI genes were able to elicit a pronounced IL-8 response when incubated with AGS cells. Ca52 (inducer of a non-robust response) was the exception; it lacks HP0521 and HP0543, and produced only modest IL-8 induction (Fig. 2B ). HP0521 and HP0543 are thought to be components/modulators of the type IV secretion system that plays a pivotal role in signaling the host IL-8 response (6). The capacity of members of the 8 colonizing strains to induce IL-8 production in AGS cells Recombination is a more prominent generator of diversification in H. pylori than in other bacterial species. H. pylori strains, in turn, contain a multitude of genes with homology to components of restriction-modification (R-M) systems (23) . Type I R-M systems are hetero-oligomeric proteins encoded by three genes: a restriction endonuclease (HsdR), a methyltransferase (HsdM), and its associated specificity subunit (HsdS) (24) . Type II R-M systems are derived from two types of genes, one producing a restriction endonuclease and the other a methyltransferase with distinct specificity.
Bacterial Genotype, Colonization Potential, and Host Responses
Colonization-Only one gene was identified that correlated with the ability to colonize either mouse model. JHP0726 was present in 5 of the 7 strains that colonized ␣1,3/4FT mice but only in 1 of the 9 strains that failed to colonize these animals. JHP0726 has been classified as a type I R-M specificity subunit (HsdS) and has significant homology to HP0790. None of the genes satisfied our selection criteria in the tox176 model (i.e. the gene had to be called absent in no more than two and present in all other strains colonizing a given host, and it had to be absent in all, or all but one, of the isolates that failed to colonize that host).
Robust Responses- Table II lists the variable genes that were called present in all, or all but one of the strains that induced a robust host response in tox176 mice (CAG7:8, Ca34, and Ca8), and absent in strains that produced a non-robust response (Ca40 and Control76). A total of 14 genes satisfied the selection criteria in tox176 animals. Ten genes encode proteins of unknown function without detectable homology to other known proteins. Three are components of R-M systems: an adenine-specific DNA methyltransferase (HP1352) plus two specificity subunits from type I R-M systems (HP0462 and HP1404). Another gene (HP1193) specifies an aldo-keto reductase required for growth at acidic pH (25) .
Four of the variable genes (Table II) were called present in all, or all but one, of the strains that produced a high Hsp70 response in ␣1,3/4FT mice (CAG7:8, Ca55, and Ca40) and absent in the strains that produced a low response (Ca52, Control76, and Control86:2). HP0081 has no known function or homologies. JHP0928 is homologous to type II R-M methyltransferases. HP1383 and HP0790 encode proteins with similarities to the specificity subunits of type I R-M systems.
In contrast to these positive correlations, only JHP1160, a gene of unknown function without detectable homologies, was negatively correlated with a robust tox176 host response (it was present in 2/2 strains that produced a low pIgR/Hsp70 response and in 0/4 strains that elicited a robust response). HP0880 is a gene induced by acid when H. pylori is cultured in vitro (26) . It was also the only gene that was negatively correlated with a robust ␣1,3/4FT Hsp70 response.
Fifty-three R-M system genes were present in the DNA microarrays (3.2% of the total). Seven of these (0.4%) encode HsdS homologs. The variable gene pool for the 9 strains (including Hp1) that successfully colonized gnotobiotic tox176 and/or ␣1,3/ 4FT mice consisted of 370 members. The 18 variable genes that satisfied the selection criteria for being present in the "robust response" but absent in the non-robust response strains were termed "selected genes." There is a significant difference in the proportion of hsdS genes in the selected gene pool (4/18) compared with the proportion of hsdS genes not in the selected gene set but in the joint variable gene pool (3/352) (Fisher's exact test, p Ͻ 0.000113).
DISCUSSION
As noted in the Introduction, performing classical random mutagenesis and in vivo screens for H. pylori genes affecting the robustness of host responses to infection is technically challenging. We have used a different approach to identify putative virulence-associated genes. Genetically defined and environmentally controlled gnotobiotic transgenic mouse models were used to correlate changes in expression of selected biomarkers associated with host defenses with the results of whole genome bacterial genotyping. These correlations provide evidence that members of both type I and type II R-M systems are linked to a more robust host response.
A number of recent reports have described the remarkable genetic diversity of type II R-M systems among H. pylori isolates (see REBASE (rebase.neb.com/rebase/rebase.html) for a collection of known and putative R-M systems). The functional significance of this variation has been difficult to decipher. DNA adenine methylases are important regulators of gene expression in a number of bacterial species, and function as virulence factors in Salmonella spp., uropathogenic Escherichia coli, Vibrio cholerae, and Neisseria meningitidis (27) . We have found that the presence of HP1352, a type II R-M DNA adenine methylase, is associated with induction of a more robust response in the parietal cell-deficient, tox176 gnotobiotic transgenic mouse model of chronic atrophic gastritis.
An additional unexpected finding was the direct correlation between the presence of several hsdS genes of type I R-M systems and the intensity of the tox176 and ␣1,3/4FT host (Hsp70) response. The idea that H. pylori hsdS genes may play role in regulating the robustness of host responses to infection is novel. All type I R-M systems methylate adenine. A traditional view, obtained from studies of other bacterial species, is that these genes serve to preserve genome integrity by laying down a pattern of methylation that allows the associated restriction endonuclease to distinguish foreign DNA from "self " (24) . Our studies suggest that these proteins may serve functions other than providing sequence specificity to the methylase. Some hsdS genes exist as "orphans" (independent entities) that are not linked to genes encoding the corresponding HsdM and HsdR components of a type I R-M system. Murray has suggested that a reservoir of independent hsdS genes could benefit H. pylori by increasing the combinatorial possibilities for novel type I R-M specificities (24) . Our findings raise the possibility that the DNA sequence specificity of HsdS homologs encoded by HP0462, HP1404, HP1383, and HP0790 (and/or the colonization associated JHP0726) may be "exploited" by the bacteria to modulate expression of genes that directly or indirectly affect virulence potential. This could occur through HsdS-mediated recruitment of HsdMs that methylate adenines in key cis-acting regulatory domains of these genes, through recruitment of transcription factors, or as a direct consequence of the binding of the HsdS protein itself to regulatory elements. Identifying HsdS partners may be difficult. A recent report (28) presented a large scale protein-protein interaction map for H. pylori (PIMRider; pim.hybrigenics.com/). Four of the five HsdS homologs identified from our correlation analysis are present in PIMRider. None had reported interactions with other H. pylori proteins. In fact, the modified two-hybrid screen used to generate the map failed to detect interactions between any HsdS and any HsdM or HsdR.
The challenge ahead in deciphering the potential impact of an HsdS on gene expression will be to devise means for reliable comparisons of global transcriptional responses in isogenic strains with and without a given HsdS. These responses will need to be assayed under well defined environmental conditions ex vivo and, if possible, in vivo using the types of genetically defined gnotobiotic hosts described in this report.
As noted above, we have genotyped clinical isolates using DNA microarrays that only include genes contained in the two fully sequenced H. pylori genomes. It is well established that virtually every clinical isolate has a unique complement of type II R-M systems (23) . The degree of variation of type I systems remains less clear. In addition, strains from gastric cancers likely represent an extreme form of adaptation to an environment that has undergone massive physiological change. Therefore, it will be prudent to generate a draft sequence of the genome of a selected clinical isolate, whether it is recovered from a patient with cancer or chronic atrophic gastritis (or other H. pylori-associated pathology), prior to embarking on any mutagenesis study of the effects of hsdS deletions on host (or bacterial) gene expression.
